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Abstract 
Water is required in almost all mining and mineral processing operations. The quantity of water 
used for a range of mining and mineral processing operations is different between mine sites. In 
recent years, the mining industry is facing increasing water demand and increasing competition with 
other water users. Therefore, mine water systems need to be well managed to ensure water is 
reliably available for mining operations. 
Energy is required for almost all water processes, such as pumping, treatment, cooling and heating. 
Therefore, the management of a mine water system is related to energy use. For strategic mine 
water management, information about the energy demand directly related to different water 
management options is usually required to assist in the decision-making process of selecting 
suitable water management options. This research presents the application of an exergy analysis 
technique named ‘Physical Hydronomics’ to show critical factors affecting the energy demand of 
water management options. The analysis identifies focus points where additional energy demand 
can be reduced or avoided when upgrading a water system. At the same time, energy demand of 
different water options is also quantified. 
The method is demonstrated by assessing the energy demand of three water desalination options of 
a coal mine. The aim of introducing these water options to the mine is to improve water use 
efficiency. The exergy analysis technique generates exergy profiles of water flows and presents 
critical factors related to the energy demand of water flows. At the end of the analysis, total exergy 
demand of each of the three water desalination options is estimated. 
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Highlights 
- Water is important for the mining industry.  
- Energy demand is a critical factor in mine water management. 
- An exergy approach is applied to understand energy demand of mine water options. 
- The approach indentifies major causes of energy requirement of water options. 
- The approach also identifies focus points to reduce or avoid energy demand. 
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1. Introduction 
Water is required in almost all mining and mineral processing operations including exploration, 
mining, processing and closure (Brown, 2003). For examples, water is used for dust suppression, in 
drilling, in washing and processing of mine products, and as an aid in re-establishing vegetation 
during rehabilitation of mine sites. Water is also essential for mobilising contaminant, and removing 
on-site pollutants (Mulligan, 1996). The major uses of water on most mines and processing sites are 
for concentrating or washing the mined ore and in operating the associated tailings facilities. 
Mineral processing operations such as grinding, flotation, gravity concentration, dense medium 
separation and hydrometallurgical processes all use water in large quantities. 
The quantity of water used for a range of mining and mineral processing operations is different 
between mine sites. Water requirements can vary depending on the type of ore being mined and 
technology used for processing (Levay and Schumann, 2006). Most mines use 0.4-1.6 m3 of water 
per ton of feed (Brown, 2003) while downstream refineries may use as much as 3.8 m3/ton (Stegink 
et al., 2003). As shown by data from the Chilean Copper Commission, the Chilean copper mining 
industry consumes 0.61 m3 and 0.10 m3 of fresh water to process one ton of ore by concentration 
and hydrometallurgical processing units respectively (COCHILCO, 2013). A research has revealed 
that, in Northern Chile, water consumption at upstream copper processes of sulphide copper and 
oxide copper refineries are 96 m3/tonne and 40 m3/tonne of copper cathode respectively; at 
downstream refinery processes, copper concentration plant requires more than 56 m3 of water per 
tonne of refined metal, and heap leach processing needs about 17 m3 of water to produce one ton of 
copper cathode (Peña and Huijbregts, 2014). 
In line with the production growth of the mining sector recently, water requirements for the mining 
industry are increasing. In Australia, the mining industry accounts for 3% of the total national water 
consumption (ABS, 2004), while the estimated gross water supplied in 1995-1996 for mining just 
accounts for 2% of the total national gross water supplied in the same period (ATSE, 1999). In 
recent years, the Australian mining industry has grown its reliance on groundwater due to the 
increasing scarcity of surface water: around 12% of Australia’s annual groundwater extraction is 
used by the mining industry (Deloitte Access Economics, 2013). According to simulations, by 2050 
the proportion of the Australian mining industry in total national water use is not expected to 
change; however, the water requirement for the mining industry rises from 0.4*109 m3/year to  109 
m3/year (Foran and Poldy, 2002). From that, bauxite and coal together account for more than 70%, 
and many metal mining operations require one ton of water for every ton of ore processed.  
Given that sufficient water supply is important for mining operations, water is one of key business 
risks for the industry. In addition, to improve sustainability performance, a mine site must use water 
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efficiently; because a more sustainable mine site is one that achieves the same throughput using less 
water. According to Brown (2003), process efficiency improvements and augmentation can be 
achieved by implementing good water management practices such as those that minimise waste, 
minimise water requirement, recycle processed water, use saline and other contaminated waters 
with or without pre-treatment, and thickened tailings. Thomson and Minns (2003) believe that the 
combination of persistent cumulative improvements and selected breakthrough technologies should 
be considered as a viable path forward to accrue future water usage efficiency. In general, mine 
water systems need to be well managed for reliable mining operations and a more sustainable 
mining industry. 
In most cases, water efficiency technologies and techniques still show a weakness in their 
assessment of energy consumption. The high energy requirements of water saving for process 
improvements often conflict with the sustainable development targets that the mining industry 
needs to achieve. From a cost-benefit perspective, even though water is saved by those efforts, it is 
often the case that mining companies spend more on energy while implementing water saving 
technologies. 
For strategic mine water management, information of energy demand related to water management 
options is usually required in order to assist in the decision-making process that sorts out the 
options. Scenarios to operate a mine water system need to be foreseen according to a mine 
production plan. The sorting of water management options to assist in a strategic mine water 
management plan is conducted in a feasibility phase, i.e. before any design or implementation 
within a mine water system is conducted. It is not always possible to obtain information of energy 
requirement of water management options at this early phase by the use of conventional energy 
approaches. The reason is explained in the following. 
The identification of energy requirement of a water management option requires information of 
energy demand of a current system and a proposed system. Information of energy requirement of a 
current system can be obtained onsite from a record of measured energy consumption of some 
operation units currently operated at the mine. However, it is often that energy consumption is not 
recorded for water units. For example, there could be a combined record of energy for a whole 
thickener including energy to pump water to and from the thickener, to operate thickener rakes, and 
pump underdrain flows, but not energy consumed by each piece of equipment within the thickener 
unit. In addition, given the complexity of mine operation systems, a combined use of technical 
design data and energy consumption bills is not enough to estimate energy demand of water 
processes, because the information may not be tailored to specific data requirements to conduct an 
energy balance of a water system. To obtain water-related energy information of a proposed water 
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system, the use of water facility design data is required. For example, to identify energy 
requirement of proposed water treatment facilities, once all technical data such as pump type, flow 
rate, operation capacity, facility height and surface area are known, energy requirement data could 
be estimated. But a design is not available before a water management option is selected. In 
summary, energy consumption information of water management options is usually not available to 
obtain using the conventional approaches.  
When considering a water management option, not only information of ‘how much energy is 
required’ but also ‘how the energy is required’ needs to be explored. Understanding how energy is 
required can be useful in improving a water system in the long term as system improvement 
opportunities could be identified even after the implementation of a water management option. A 
conventional energy approach would not be able to present this information clearly because only the 
energy quantity, and not the form, is the focus of energy approach.  
To investigate issues related to energy demand of water systems, some popular methods have been 
used include water pinch analysis (WPA) and life cycle analysis (LCA). The popular use of WPA 
approach is to identify a water allocation scenario within a water network that maximises water 
reuse and minimises wastewater discharge (CANMET Energy Technology Centre-Warennes, 2003; 
Gunson et al., 2010; Hallale, 2002; Yoo et al., 2007), and power plant optimisation (Anantharaman 
et al., 2004; Assadi and Johansson, 1999; Manesh et al., 2008a; Manesh et al., 2008b; Zhelev, 2005; 
Zhelev and Ridolfi, 2006). However, WPA application in mine water management is very limited. 
The reason is that an implementation of WPA results usually requires re-piping, while water system 
at mine sites are generally static. LCA has been shown to be useful in accounting water for mining 
processes (Peña and Huijbregts, 2014); however, the main drawback of LCA is the lack of reliable 
data to perform life cycle inventory of a complex process, apart from the use of databases provided 
from case studies of specific locations (Kounina et al., 2013). Therefore, LCA alone is not a suitable 
tool for energy accounting of mine water uses. Perhaps, LCA can be used as a complementary 
approach to others. 
An exergy approach is now introduced to resolve the issues of energy estimation in the early phase 
of water projects and understanding energy demand. The exergy approach analyses water flow 
based on water physical conditions and chemical constituents, given that energy demand of water is 
to change water chemically (such as by treatment) and physically (such as by pumping).  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
6 
2. Exergy approach 
The definition of exergy is as the following: 
Exergy is defined as the maximum amount of useful work that can be produced by a stream of 
energy or matter, or from a system, as it is brought into equilibrium with a reference 
environment. (Dincer and Cengel, 2001; Rosen, 2007a) 
Reference environment (RE) is a state against which the exergy of all other states is referred 
(Rosen, 2007a). It is assumed that no thermodynamic change occurs in RE (Cengel and Boles, 
2007; Rosen, 2007b; Szargut et al., 2005).  
Technically, as exergy is defined as the maximum amount of useful work that a stream produces 
when it is brought to equilibrium, exergy can also be understood as the minimum amount of work 
required to bring a stream from equilibrium to a state having higher exergy. Cengel and Boles 
(2007) stated that “....exergy change of a ... fluid stream represents the maximum amount of useful 
work that can be done (or the minimum amount of work that needs to be supplied...)” when the 
system changes from one state to another. In this paper, the latter concept is used for the term 
‘exergy demand’. 
The procedure to estimate exergy demand of a water management option in mining using an exergy 
approach consists of three main steps: 
- Estimation of the exergy of a volume of water at each critical point along the configuration 
of each water management option 
- Calculation of theoretical exergy demand to make the difference in exergy between each of 
the consecutive critical points 
- Estimation of actual exergy demand to make the difference in exergy between each of the 
consecutive critical points 
The relationship of exergy at critical points, theoretical exergy and actual exergy is presented in 
Figure 1 and further explained throughout the following subsections.  
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Figure 1. Relationship of exergy of water at critical points, theoretical exergy demand, and 
actual exergy demand 
2.1. Specific exergy of water at critical points 
The exergy approach analyses the changes in exergy of water along related streams. The locations 
of the changes are now called critical points. The critical points of a water flow include the points 
where there are changes in: 
• Quantity of water, 
• Quality of water, and  
• Physical status of water (temperature, pressure, velocity, elevation) 
For instance, the points are at pump outputs, at the places where water is delivered, before and after 
water treatment facilities, and at holding ponds where water is stored before or after being used for 
mine operations.  
The specific exergy of water at each critical point is estimated using the Physical Hydronomics 
(PH) model. The model was initially developed in the field of surface water assessment and 
management (Gaggioli, 1980; Valero et al., 2009; Zaleta-Aguilar et al., 1998) and is now applied to 
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the field of water management in the mining industry. According to the PH model, water exergy at 
a critical point comprises six exergetic components: thermal, potential, mechanical, kinetic, 
formation, and concentration exergy. These components are estimated based on the thermodynamic 
differences between a water body and its RE. The differences are characterised by six measurable 
parameters respectively: temperature, altitude, pressure, velocity, organic matter (OM) composition, 
and inorganic matter (IM) concentration, given that the RE is determined as follows. 
As RE is a state of reference, it is essentially arbitrary. In this research, RE has been selected in a 
way that is convenient for exergy estimations of mine water management options. The RE chosen 
for this research is based on typical principles to align with convention as follows. 
- Temperature: as ambient temperature of water locations 
- Pressure: as ambient pressure at water locations 
- Salinity: 35,000 ppm 
- Total organic carbon: 0 ppm 
- Velocity: 0 
- Altitude: as altitude of a water source, or the lowest location within a water circuit 
- Silica: 0 ppm. 
When using the chosen RE of this research, it is noted that exergy of water at a critical point could 
only be negative in the case of considering a fluid pressure below the atmospheric pressure. All the 
rest of contributions to exergy, such as thermal, chemical and kinetic exergy, should be positive or 
zero with respect to the RE which has zero exergy by the agreed definition. 
As the particular estimation purpose in this research is to quantify the energy required to change the 
thermodynamic conditions of water management options of mine sites, the application of PH to this 
research is slightly different to the original version of the PH model. The application is explained 
further in the following subsections.  
2.1.1. Mechanical exergy and kinetic exergy 
In the PH model, water pressure and velocity are used to estimate mechanical and kinetic exergy 
respectively. When applying the PH model to water in mining, a process is needed to determine 
water pressure and water velocity along water flows, as these data are generally not available onsite, 
where proposed changes in mine water systems are at a planning phase.  
By definition, mechanical exergy of water is defined as minimal useful work required to change 
pressure of water from RE state to another state. It is estimated by using the difference in pressure 
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between water at an assessment point and RE (Valero et al., 2009). Given that RE pressure is 
chosen as ambient pressure in this research, mechanical exergy is dependent on water pressure at 
the assessment point only.  
In a mine water system, pumps generate water (or slurry) pressure. The pressure helps water “win” 
friction head to move itself over a distance in a pipe. In other words, to pass a pipe length, water 
pressure at one pipe end must be greater or equal to the decrease of water pressure due to pipe 
friction when water flows through the pipe and reaches the other end. As a result, friction head can 
be used to estimate mechanical exergy instead of using pressure information. Mechanical exergy of 
water at a pump output is the minimal useful work required for the water to pass a pipe length 
following the pump. Therefore, mechanical exergy of water at a pump output must be equal to the 
friction head of the pipe that water flows through.  
Hence, an equation to estimate mechanical exergy of water at pump output is as follows: 
 Ex(kJ/L) = L


g,        (1) 
Where  
Exm  mechanical exergy (kJ/L) 
L pipe length that water will flow through from a pump to the next critical point (m) 
hL  headloss per 100m pipe length (m/100 m) 
g acceleration due to gravity (m/s2) 
Fitting headloss is neglected in this research. 
Headloss Tables which engineers usually rely on can be used to extract suitable values of water 
velocity and headloss per 100 m pipe length. The tables provide relative values of pipe diameters, 
water velocity and friction headloss when water flowrate is known. The friction headloss data in 
these tables are calculated using Darcy-Weisbach equation and depend on the condition of pipe 
internal surface, pipe internal diameter, the velocity and the viscosity of the fluid passing through 
the pipe (Australian Pump Manufacturers' Association, 1997). Using the information of water 
velocity related to specific friction headloss indicated in the Headloss Tables, the estimation of 
kinetic exergy can be conducted following the kinetic exergy equation of PH model as follows.  
 Ex(kJ/L) =





       (2) 
Where 
Exk  kinetic exergy (kJ/L) 
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vp water velocity at assessment point (m/s) 
v0 water velocity of RE (m/s) 
At mine sites, the reticulation of water from one point to another may require several pumps and 
pipes. However, the procedure of mechanical exergy estimation in this research is based on an 
assumption that a virtual pump and a single pipe that represent equivalent conditions to the reticular 
system are used to move water from one critical point to another, if pumping is involved.  
2.1.2. Concentration exergy and formation exergy 
Definitions of concentration and formation exergy can be found in the original development of the 
PH model (Valero et al., 2009). In brief, concentration exergy of water is the exergy water has due 
to the difference in concentration of any substance present in water as compared to its concentration 
in RE, given that the substance also can be found in RE. Formation exergy is the exergy water has 
due to the presence of substances not found in RE. Formation exergy is the exergy required to 
synthesise a substance using RE’s substances. In this research, concentration and formation exergy 
are narrowly characterised by salinity and organic matter (OM) concentration respectively, 
according to the chosen RE with 35,000 ppm in salinity and 0 ppm in total organic carbon, for the 
convenience of exergy estimation of water in mining.  
A profile of concentration exergy versus salinity was developed by Martínez and Uche (2010). As 
the theory of exergy states that exergy is useful work potential (Kanoglu et al., 2008) and the fact 
that when water salinity is less than 35000 ppm (seawater), the use of water with high salinity (e.g. 
seawater) is more limited than the use of low salinity water (e.g. fresh water), the higher salinity 
will result in lower concentration exergy.  
Several methods are available to estimate formation exergy. In 1986, Tai et al. (1986) introduced a 
method which is practical to quantify formation exergy of organic matter in water. The Tai et al. 
method can use either data of Total Oxygen Demand (TOD) or Total Organic Carbon (TOC). 
Hellstorm (2003) suggested a method based on the data of Chemical Oxygen Demand (COD). 
Zaleta-Aguilar et al. (1998) used the measurement of Biological Oxygen Demand (BOD). Some 
other studies have used other organic indicators, e.g. CH2O or C39H80O3 (Foster, 1943; Surampalli 
and Tyagi, 2004). A study of Martínez and Uche (2010) states that the procedures based on TOC 
measurement are the most accurate for the calculation. Therefore, to estimate formation exergy, 
TOC is used to represent OM concentration in this research following the Tai et al. (1986) 
calculation method.  
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Calculating exergy related to OM if related treatment processes are required, such as domestic 
effluent treatment from mining villages, or raw water treatment to potable water quality for special 
mine operations. 
2.1.3. Thermal exergy and potential exergy 
The estimation of thermal exergy and potential in this research is exactly the same as described in 
the PH model, i.e. using temperature and altitude information collected onsite for the calculation 
following the related equations of PH model. The concept of thermal exergy is that the useful work 
produced by a heat source is the total work produced minus the work exchanged with the 
atmosphere. The work exchanged with the atmosphere is the entropy generation by the heat source. 
Potential exergy takes into account the difference in altitude of water at an assessment point with its 
RE.  
2.1.4. Exergy of silica flows 
PH model was initially introduced to apply to assess exergy of river water where the presence of 
inorganic solids is very low, hence the exergy of inorganic solids in river water are not included in 
the PH model. However, in the mining industry, the presence of solids in many operations within a 
mine water system is not neglectable. Especially, at mine processing plants, it is very often that 
thickeners are used to eliminate water from minerals (pulp dewatering) or thickening tailings 
(tailings dewatering) before tailings disposal. Therefore, it is necessary to include exergy of solids 
flows to estimate water exergy when applying PH model in the mining industry. Within the 
thickeners – tailing storage facility – process water store circuit, silica is the main bulk quantity of 
tailings at tailings thickener, after most of valuable minerals are extracted by flotation (Golder 
Associates, 2011; Water Resourse Management Division, 2013). Consequently, silica can be used 
as a representation of solids when applying exergy analysis into mine water management.  
Silica solids are not present in RE but water within a mine site due to mining activities, especially 
mineral processing. Exergy of silica flows is exergy required for the chemical formation of silica. 
The standard chemical exergy of each specific form of silica (SiO2) can be obtained from the  
exergy calculator available at the exergoecology portal developed by CIRCE (2012). For example, 
standard chemical exergy of quartz is 0.82 kJ/kmol. Exergy of water due to the presence of silica 
solids can be estimated as a function of standard chemical exergy and concentration of silica.   
Given that chemical exergy of a water flow depends on its constituents, in cases that significant 
amounts of other inorganic solids, apart from silica, present in a slurry stream, their exergy contents 
can be easily included in the exergy calculation process following the calculation method similar to 
the case of silica (i.e. obtaining a specific standard chemical exergy value of each compound using 
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the exergeocology portal and multiplying the standard chemical exergy value by the compound 
concentration). 
2.2. Theoretical specific exergy demand  
2.2.1. Defining theoretical exergy demand   
When water flows from one critical1 point to another, its status is changed chemically and/or 
physically. The change results in either an increase or decrease of overall water exergy. In cases that 
water exergy decreases such as a decrease in potential exergy when flowing to a lower place, or in 
concentration exergy as getting contaminated with salts, no energy input is expended to cause such 
changes.  
On the other hand, an increase in water exergy is where energy input is required. Water exergy 
increases either when water moves to a higher place, experiences an increase in pressure, is 
desalinated, has solids percentage removed or when its temperature increases relative to RE. 
Because water cannot itself increase its exergy, work has to be imparted to increase water exergy 
via processes such as pumping, transport, treatment, heating or cooling. At these processes, the 
exergy of energy input, or in other words, the ability of energy input to produce useful work, is 
transferred to water and makes water exergy increase. This work, the exergy transferred from 
various energy sources to water, is now called theoretical exergy demand ∆Ex (kJ/L). In summary, 
the theoretical exergy demand is the minimum energy needed to be imparted to the water system to 
produce useful work.  
2.2.2. Calculating theoretical specific exergy demand 
Theoretical specific exergy demand is calculated as the total exergy increments between two 
consecutive critical points along an assessed water flow. Given a water flow has n critical points, 
the theoretical specific exergy demand of the water flow is calculated according to equation (3): 
 
∑∆Ex = ∑ (Ex − Ex) , Ex > Ex      (3) 
Where ∆Ex : theoretical specific exergy demand between two consecutive critical points (kJ/L) 
 Exi: water exergy at point i (kJ/L) 
 Exi-1 : water exergy at point (i-1) (kJ/L) 
                                                          
1
 Where critical points are as defined by the exergy analysis process 
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2.3. Actual specific exergy demand  
Water related processes such as pumping, transport, treatment, heating and cooling are not perfectly 
efficient. Exergy contained in the input energy is consumed for not only imparting useful work to 
pressurise, move, treat, heat and cool water, but also to overcome process irreversibility, such as 
equipment inefficiency and other energy waste, such as heat waste from mechanical motions of 
pumps, radiation of heat from equipment to ambient environment, or water pressure dropping due to 
pipe friction. It is noted that the factors of power production efficiency of generators and exergy 
loss at electricity grids are not included within the system boundary of this research. The exergy 
balance of water related process is illustrated in Figure 2.  
 
Figure 2. Exergy balance of water related processes 
To estimate actual exergy demand of a water process, exergy efficiency factor of the water process 
needs to be taken into account. For a water system of a mine site, the processes involved are mainly 
pumping, desalination of brackish or saline water, and tailings thickening. The actual exergy 
demand of each of these processes is estimated using the ‘Fuel-Product’ principle (Martínez et al., 
2010) as described in the section 2.3.1 for pumping processes and section 2.3.2 for desalination and 
treatment processes. 
2.3.1. Pumping process 
Actual specific exergy demand Exr (kJ/L) for pumping processes is estimated using equation (4). 
 Ex" = α ∗ ∆Ex , ∆Ex > 0        (4) 
where the coefficient α is defined as the ratio of exergy of energy input Exe,in (kJ/L) of a process to 
the increment of water exergy between output Exq,out (kJ/L) and input Exq,in (kJ/L). For pumping 
Exergy of energy input, %&',() 
Exergy of 
water 
input, 
%&*,() 
Exergy of 
water output, 
%&*,+,- 
Exergy destroyed 
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processes, the increase of water exergy is the exergy of pump energy input transferred to the water 
flowing through the pump. 
 α =
./0,12
./3,456./3,12
           (5) 
The coefficient α is actually the inverse of a pump’s efficiency. Pump efficiency values can be 
identified following an anticipated pump selection. This procedure has been used widely in 
designing pumping systems. The selection is based on water flowrate and water head requirements 
that a pump has to discharge. After a pump has been selected, pump efficiency is determined with a 
better accuracy through specific pump efficiency curves.    
2.3.2. Water desalination and treatment processes 
Applying the results of research conducted by Martinez et al. (2010), actual specific exergy 
demand, Exr (kJ/L), for water treatment processes is estimated by equation (5). 
 Ex" = β ∗ Ex8,9:; − Ex8,         (6) 
where the coefficient β is defined as the ratio of total exergy of water input Exq,in (kJ/L) plus 
energy input Exe,in to the exergy of water output Exq,out (kJ/L),  
  β =
./0,12<./3,12
./3,456
          (7) 
The coefficient β to estimate actual exergy demand of water desalination and treatment processes 
using equations (6) and (7) have been identified by the research of Martinez et al. (2010). The 
coeeficient β of desalination processes identified by Martinez et al. (2010) is utilizable for water 
desalination processes in the mining industry, since energy inputs, i.e. heat and electricity, water 
temperature at input, cooling water, brine and desalinated water at output of desalination processes 
were all considered in the Martinez et al. (2010) study.  
The value of β for water treatment plants extracted from the Martinez et al. (2010) study ranges 
from 3.44 to 5.81. This value may not be exactly accurate for mine water treatment because it was 
examined for domestic water treatment processes where organic matter concentration is usually 
much higher than mine water. Therefore, more fundamental research is required to understand the 
relationship between theoretical and actual exergy demand of water treatment processes in mining 
to a greater level of accuracy. Similarly, the correlation between theoretical exergy demand and 
actual exergy demand of other water processes such as water heating and cooling also needs to be 
investigated. 
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3. Case study: a coal mine 
3.1. Site description and water audit 
The coal mine in question has both surface and underground operations, comprising one open-cut 
dragline strip area, two underground long-wall operations, and one room and pillar operation. The 
mine is located in a semi-arid climate region with a wet season and a dry season throughout the 
year. This mine lies in a flat area among undulating open woodland in a highland area. It is 
currently receiving fresh river water imported from a weir located at 50 km east of the mine via a 60 
km pipeline. The mine also has a small thermal power plant onsite with an operating energy 
capacity of 32 MW. The fuel of this power plant is methane from mine degassing.  
Water use of the coal mine is as shown in Figure 3. The majority of the water is used at the Coal 
Handling and Preparation Plant (CHPP) before being transported to Tailings Storage Facility (TSF) 
and worked water stores around the mine. During underground mining operations, dewatering takes 
place to pump out the groundwater inflow at underground sites, together with worked water after 
being used for underground tasks. The pumped-out water is then stored in worked water stores. The 
worked water is partially returned to the CHPP for reuse. The remainder is held at the worked water 
stores without being discharged to the surrounding environment as the mine has a zero water 
discharge commitment. 
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Note:  
- ROM: run-of-mine 
- CHPP: coal handling and preparation plant 
- TSF: tailings storage facilities 
Figure 3. Water system of the coal mine 
The water balance of the coal mine is described in Table 1. Water losses at the coal mine are due to 
task losses, entrainment in coal products and reject, storage seepage, and evaporation over open 
water surface areas.  
  
Raw 
water 
store 
Worked 
water stores 
TSF 
Ground water 
inflows 
Wash bay 
CHPP 
Haul road 
Water treatment  
Underground mining 
Fresh river 
water 
Task losses 
Entrainment 
Task losses 
Evaporation 
Entrainment 
Seepage 
Evaporation 
Evaporation 
Task losses 
Evaporation 
Seepage 
Seepage 
Mine site 
ROM moisture 
Undisturbed 
runoff 
Rainfall 
Rainfall 
Disturbed 
runoff 
Disturbed 
runoff 
Rainfall 
Undisturbed 
runoff 
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Table 1. Water balance at the coal mine 
Raw water input  (ML/d) Water output  (ML/d) 
Fresh river water 3.477 Task losses at wash bay 0.135 
ROM moisture 1.419 Entrainment at CHPP output 2.940 
Groundwater inflows 2.067 Task losses at CHPP 0.140 
Rainfall 7.253 Evaporation at TSF 1.600 
Undisturbed runoff 3.414 Entrainment at TSF 2.341 
Disturbed runoff 2.162 Seepage at TSF 0.042 
  Evaporation at haul road 0.801 
  Seepage at worked water store 0.097 
  Evaporation at worked water store 8.281 
  Task losses at underground mining 0.383 
  Evaporation at raw water store 2.922 
  Seepage at raw water store 0.108 
Total 19.79 Total 19.79 
More than two thirds of water output is loss is due to evaporation. Evaporation at the worked water 
store alone is 42% of the total water loss at this coal mine. Reducing water coming to the worked 
water store can significantly reduce water loss for the mine.  
3.2. Water management options 
As shown in Figure 3, the worked water store receives water via rain, disturbed runoff, from the 
TSF, and from the underground mining operation. Rainfall and disturbed runoff sources are 
unpredictable. Worked water received from the TSF is unavoidable. Hence, the only opportunity to 
reduce water coming to the worked water store is to manage the dewatering from the underground 
mining. The dewatering consists of mainly groundwater inflows estimated at 62 ML/month, and 
underground mining worked water (i.e. water that has been used for underground mining operation) 
at around 28 ML/month. This represents a waste of potentially usable water, as groundwater inflows 
are currently not being used but evaporated at the worked water store.  
It is proposed that the groundwater inflows should be used for the mine in order to reduce mine 
water loss and increase water available for mine operations at the mine. The water that is a mix of 
groundwater inflows and underground worked water from underground mining operations is saline 
with Total Dissolved Solids (TDS) of about 6000 ppm. In order for this water to be used at the 
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mine, it needs to be desalinated, because fresh water is required for underground operations, such as 
for dust suppression at coal faces.  
Based on this understanding of the mine’s water system and the proposed strategy discussed above, 
water management options are outlined as follows. 
• Option 1: Groundwater desalinated using Reverse Osmosis technique (RO). 
• Option 2: Groundwater desalinated by Multi Stage Flash Distillation technique (MSF) with 
feed steam from the power plant. 
• Option 3: Groundwater desalination by Multi Effect Distillation technique (MED) with feed 
steam from the power plant.  
3.3. Exergy estimation of the three water management options  
An exergy analysis was conducted to understand the energy demand of recycling underground 
water by desalination at the coal mine. An exergy analysis was performed separately on the water 
circuit associated with each of the techniques. The analysis was conducted firstly by assigning 
critical points to related water flows of each circuit. The assignment of critical points for exergy 
estimation of these water circuits is as shown in Figure 4. Exergy estimation of each option was 
then conducted, the results of which are provided in the following.  
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a) Current water system (no underground saline water recycle 
b) Recycling underground saline water using RO 
c) Recycling underground saline water using MSF or MED 
Figure 4. Water flows and critical points of different water management options of the coal 
mine 
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The difference in water circuit arrangements of the water management options for the coal mine are 
as follows: 
• Figure 4a:  
Currently, water from raw water store is treated and transported to two underground 
operations, and saline water from the two underground operations is transported to nearby 
worked water stores.  
• Figure 4b:  
If the saline water is recycled using RO to provide desalinated water to underground 
operations, the RO water recycling circuit would include two RO plants which are located 
near to the two underground operations. At RO plant 1, after a part of the product water is 
returned to underground operation 1, product water still remains. This excess water is 
transported to the raw/process water store. The brine at the desalination output will be 
transported to nearby worked water stores. At RO plant 2, the volume of permeated water is 
not enough for underground operation 2. Therefore, underground operation 2 still requires 
water supplied from raw water store.  
• Figure 4c:  
When the saline underground water is desalinated using MSF or MED, the MSF/MED 
desalination plant is located near to the mine’s power plant to take advantages of heat 
released from the power plant. Saline water from both of the underground operations is 
pumped to the MSF/MED desalination plant. Desalinated water from the desalination plant 
is to completely replace raw water demand of underground operation 1. The remaining 
desalinated water is to supply underground operation 2. This amount is not sufficient for 
underground operation 2, hence raw water is required to be pumped from raw water store to 
underground operation 2. The brine from desalination plant is sent to worked water store 1. 
Relevant input data of physical conditions and chemical constituents of each water flow along the 
water circuits presented in Figure 4 were either measured onsite, or were estimated. Using the PH 
technique, exergy profiles of the three water options are created and discussed in the following 
sections.  
3.3.1. Exergy profile of the saline underground water recycling option using RO.  
Exergy properties associated with velocity, pressure, elevation, and salinity of water along the water 
circuit presented in Figure 4b (recycling using RO) is illustrated in Figure 5. 
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Figure 5. Exergy properties of water at the critical points of the water recycling circuit using 
RO at the coal mine    
By examining Figure 5, the following information can be discovered: 
Kinetic exergy, Exk, which is due to water velocity, is not very different between the critical points 
along the water circuit. This is because water velocity in the water system is always controlled at an 
appropriate water velocity range according to water supply standards. Potential exergy, Exp, which 
is due to elevation of water at the critical points, also does not change much.  This is due to the flat 
topography of the mine site area. 
There are significant differences in mechanical exergy, Exm, which is related to water pressure and 
friction head. The most significant is the increase of specific mechanical exergy at points 3 and 18 
which represent exergy demand of the high pressure pumps providing high pressure water to RO.  
Between points 3 and 4, i.e. between input and output of RO plant 1, mechanical exergy decreases 
while concentration exergy related to salinity increases. The decrease of mechanical exergy is 
because of water pressure drop after passing through an RO system. Salt-concentration exergy 
increases due to the reduction in salinity at RO output as compared to RO input. A similar situation 
occurs between points 18 and 19, the input and output of RO plant 2.     
The main principle of RO desalination is that high pressure is required to impart water for the 
purification process within an RO system. After passing through an RO system, water pressure 
dropped and water salinity is reduced. Consequently, mechanical exergy of water is decreased and 
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its salt-concentration exergy is increased. In ideal conditions, theoretically a reduction of specific 
mechanical exergy between input and output of RO is exchanged for an increase of specific salt-
concentration exergy. However, Figure 5 shows that the reduction of mechanical exergy between 
points 3 and 4 is much greater than the increase of concentration exergy between the same two 
points. This shows the inefficiency of the RO desalination process from an exergy point of view. 
This also indicates a potential improvement of the energy efficiency at this mine site subject to the 
availability of RO technologies, if RO is going to be implemented. Additionally, the wasted exergy 
which is mainly due to water pressure drop should be captured. The same information could also be 
obtained when observing the changes of exergy between points 18 and 19. 
The increase of mechanical exergy at points 7 and 22 is because of energy imparted through 
transporting water from RO 1 to processed water store, and brine from RO 2 to worked water store 
2. A potential option to reduce this energy demand is reducing pumping distances between RO 2 
and processed water store as well as between RO 2 and worked water store 2.  
3.3.2. Exergy profile of the saline underground water recycling option using MED or MSF 
The two water recycling options using MSF and MED have the same exergy profile presented in 
Figure 6. Potential exergy of the MSF option is the same as of the MED option because of no 
difference in the locations of critical points between them. Both of the options are distillation 
techniques which produce desalinated water, hence there is no difference in specific salt-
concentration exergy as well. The results of specific kinetic exergy are too small to be significant in 
this analysis. Also there is no difference in specific mechanical exergy between the two options 
because most of the movements of water within the two circuits are by gravity, ie from higher 
places to lower places. Even when pumping is required, there is no difference between the pumping 
processes of the two options because the same volume of water is transported from underground 
operations to the same desalination plant location. The specific thermal exergy related to water 
temperature is not mentioned because it is assumed that the heat released from the power plant on 
site is sufficient for feeding the MSF or MED system, hence no energy is required to produce the 
feeding heat. 
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Figure 6. Exergy properties of water at the critical points of the water recycling circuit using 
MED or MSF at the coal mine 
Figure 6 shows an increase in mechanical exergy at points 2 and 11, and in salt-concentration 
exergy at points 4 and 13. The increase of mechanical exergy at points 2 and 11 is due to the energy 
required for pumping water from underground operations to the MSF/MED desalination plant. The 
increase of salt-concentration exergy at points 4 and 13 represents the reduction in salinity at 
desalination outputs relative to the desalination inputs.  
3.3.3. Exergy demand of the saline underground water recycling options of the coal mine 
The exergy estimation procedure described in sections 2.2 and 2.3 has been applied to each of the 
water management options of the coal mine. For RO option, the estimation was conducted as 
follows: 
• Theoretical exergy demand of RO option is the cumulative increase of water exergy when 
water flows from one critical point to another within the RO water circuit presented in 
Figure 4b. 
• Actual exergy demand RO option is the cumulative increase of water exergy taking into 
account process efficiency factors along the RO water circuit. 
Similar procedures to estimate exergy demand is also applied to the water options using MED or 
MSF (Figure 4c) and current water circuit of the coal mine (Figure 4a). Net theoretical exergy 
demand and net actual exergy demand of each of the three water options are calculated by 
comparing its exergy demand with current circuit exergy demand. 
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∆EX  : Net theoretical exergy demand of a water option 
 ∑∆Exoption : Theoretical exergy demand of the water option 
 ∑∆Ex0  : Theoretical exergy demand of current circuit  
 
 ∆%=? = ∑∆%&@,+>-(+) − ∑∆%&@,      (9) 
Where    
∆EXR   : Net actual exergy demand of a water option 
 ∑∆Exr,option : Actual exergy demand of the water option 
 ∑∆Exr,0 : Actual exergy demand of current circuit  
The results of net theoretical and net actual exergy demand of the RO, MSF and MED water 
management options are presented in Figure 7.  
 
Figure 7. Net theoretical and actual exergy demand of the water management options of the 
coal mine 
Distillation techniques such as MED and MSF for water desalination usually require much more 
energy than RO techniques. However, as presented in Figure 7, the theoretical exergy demand of 
the MED and MSF options are less than the theoretical exergy demand of the RO option. This is 
because the energy demand to heat up water in MSF and MED distillation plants is not taken into 
account. The distillation plants of these two options can receive heat from an onsite power plant to 
distil water.  
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Figure 7 also shows that the actual exergy demand of the MSF option is higher than actual exergy 
demand of MED option. The reason is that the efficiency of MSF process is much less than MED 
process. In addition, the recovery rate of MSF techniques is also less than MED recovery rate. 
Consequently, more energy input is required by MSF to produce 1 unit of desalination water, as 
compared to the MED.  
4. Conclusion 
The application of the Physical Hydronomics exergy approach in mine water management was 
presented. Adjustments were made to the methodology where necessary to make it more applicable 
to the mining industry. The approach allows the establishment of exergy profiles for water circuits 
of water management options, providing insights about water exergy changes at key (defined 
‘critical’) points along water flows. The exergy changes were evaluated according to the changes in 
physico-chemical factors including temperature, elevation, pipe friction, velocity, and water 
constituents.  
Including the physio-chemical properties of water flows through the application of exergy profiles 
has been shown to help in the assessment and visualisation of water property dynamics as well as in 
the understanding of water flow exergy behaviour. The demonstrated exergy approach highlights 
some critical factors that affect the exergy of water for three water management options across the 
case study coal mine. The approach identifies the major causes of energy requirements of water 
management options and the focus points to reduce or avoid energy demand that may not otherwise 
be apparent.  
One key difference of this exergy approach compared to conventional energy approaches is that 
water streams’ constituents are used as a base to estimate energy demand. Hence, the exergy 
approach may be potentially useful in complementing conventional energy approaches. For 
example, the exergy approach may help to obtain best operational points of concentrate and tailings 
facilities in mineral processing by identifying operational slurry concentration that results in least 
energy demand. Further research to address this issue would be interesting and useful for the mining 
industry.  
One of the steps in quantifying exergy demand using the exergy approach is to convert theoretical 
exergy demand to actual exergy demand. The conversion requires information about the difference 
or correlation between theoretical and actual exergy demand of water related processes in mining 
(i.e. identification of β coefficients), such as mine water pumping, treatment, heating and cooling. 
In the mining industry, this information has not been well quantified. Therefore, further research is 
required to overcome this limitation. Mine water processes should be standardised in order to 
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calculate universal coefficients β to measure the exergy efficiency of those processes by considering 
the coefficient β as a “transfer function” of exergy at the input/output, whose parameters are the 
design values of those unitary processes (such as capacity, size, pollution load, salinity). 
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